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We observe the electron spin resonance of conduction electrons in boron doped (6400 ppm) superconducting
diamond (Tc = 3.8 K). We clearly identify the benchmarks of conduction electron spin resonance (CESR):
the nearly temperature independent ESR signal intensity and its magnitude which is in good agreement with
that expected from the density of states through the Pauli spin-susceptibility. The temperature dependent CESR
linewidth weakly increases with increasing temperature which can be understood in the framework of the Elliott-
Yafet theory of spin-relaxation. An anomalous and yet unexplained relation is observed between the g-factor,
CESR linewidth, and the resistivity using the empirical Elliott-Yafet relation.
PACS numbers: 76.30.Pk, 71.70.Ej, 75.76.+j
I. INTRODUCTION
Information storage and processing using electron spins,
referred to as spintronics,1,2 is an ambitious proposition to
provide a technological leap in information sciences. The
spin relaxation time in metals and semiconductors, τs, is the
central parameter which characterizes their utility for spin-
tronic applications.1 There are two viable routes to deter-
mine τs in these materials: transport and spectroscopy based.
Transport studies usually detect the decay length of an in-
jected non-equilibrium magnetization of a spin ensemble in
a non-local resistivity measurement.3–5 The characteristic de-
cay or spin-diffusion length, δspin, contains τs through: δspin =
vF
√
τ · τs/d, where d is the dimensionality of the material,
vF is the Fermi velocity and τ is the momentum scattering
time. Electron spin resonance (ESR) experiments in metals
or semiconductors6 are also capable of determining τs from
the homogeneous ESR linewidth, ∆B, through τs = 1/γ∆B,
where γ/2π = 28.0 GHz/T is the electron gyromagnetic ra-
tio. A spectroscopy related but transport based method is the
so-called Hanle spin-precession experiment which also yields
τs values.1
In metals with inversion symmetry the so-called Elliott-Yafet
theory describes the spin-relaxation properties. It predicts that
the spin-relaxation time is proportional to the momentum re-
laxation time (τs ∝ τ ) and thus the ESR linewidth is propor-
tional to the resistivity (∆B ∝ ̺).
Heavily boron doped diamond (BDD) is an example of
Mott’s metal7 above the threshold boron concentration of
nc ≈ 4-5 ·10
20 cm−3.8–10 The discovery of superconductivity
in BDD11 attracted significant interest and it has been proven
that superconductivity in BDD is an intrinsic property which
arises from the lightly hole doped diamond bands and not due
to the acceptor bands/levels.12
Diamond possesses a number of unique properties (such as
e.g. the well-known hardness, large tensile strength, and
thermal conductivity) which may lead to a unique class of
fully diamond based integrated (or even spintronic) devices.13
Clearly, knowledge of the spin-relaxation time in this new
metal is a prerequisite for such applications. In addition, the-
ory of spin-relaxation in metals and semiconductors is an ever
developing field which progresses by testing the basic theories
against new materials.
Herein, we study the electron spin resonance in supercon-
ducting BDD (Tc = 3.8 K) in the 5-300 K temperature
range, i.e. in the normal state. We observe three ESR sig-
nals with a temperature dependence which is characteristic
for localized paramagnetic centers. In addition, an ESR sig-
nal, which is assigned to conduction electrons, is observed.
The identification is made by examining the signal intensity
and its temperature dependence, which cannot be explained
by localized spins. The calibrated signal intensity yields
the Pauli spin-susceptibility whose experimental value agrees
with that obtained from the band structure-based density of
states data. The CESR linewidth increases with increasing
temperature which is characteristic for the Elliott-Yafet spin-
relaxation mechanism.14,15 Measurement of the g-factor and
the linewidth allows to place BDD on the empirical Beuneu-
Monod plot ,16 which summarizes the spin-relaxation proper-
ties of elemental metals.
II. EXPERIMENTAL
We performed the ESR experiments on powders of silicon-
wafer free boron doped diamond samples. To prepare the
samples, silicon (111) wafers were cleaned by standard
RCA SC1 processes. Diamond nucleation was initiated by
immersion of clean wafers in aqueous colloids of hydro-
genated nanodiamond particles in an ultrasonic bath. This
process is known to produce nucleation densities in excess of
1011 cm−2.17 Diamond growth for 20 hours using Microwave
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FIG. 1: ESR spectra of BDD at different temperatures. Note the
broad ESR line (denoted by asterisk) which is assigned to the con-
duction electrons. The sharp ESR line originates from localized de-
fect spins.
Plasma Enhanced Chemical Vapour Deposition with 4% CH4
diluted in H2 with 6400 ppm of trimethylboron,18 microwave
power of 3 kW and substrate temperature of 800 ◦C yields
films of approximately 6 µm thickness.
Characterization by transport experiments on BDD films
found a Tc = 3.8 K.19 Tc ≈ 4 K usually corresponds to a
boron concentration of n ≈ 1021 cm−3 (or ∼ 6000 ppm)
according to the calibration established for samples prepared
with chemical vapour deposition.20,21 The Si substrate was re-
moved using a mixture of HF and H2SO4. The former oxi-
dizes Si, the latter removes SiO2.
Experiments at 9 GHz (0.33 T) were carried out on finely
ground BDD samples using a Bruker Elexsys E500 ESR spec-
trometer in the 5-300 K temperature range. Care was taken to
employ large magnetic modulation to enhance the broad res-
onance signal due to the itinerant electrons and also to elim-
inate any spurious background signals from the cavity or the
cryostat. We used Mn:MgO with a known (1.5 ppm) Mn2+
concentration as a g-factor and intensity standard and we also
compared the spin-susceptibility, χs, against KC60 which has
a known χs = 8 · 10−4 emu/mol.22 The ESR spectra are de-
convoluted into a sum of derivative Lorentzian curves, which
are an admixture of dispersion and absorption lineshapes.
III. RESULTS AND DISCUSSION
The identification of an ESR signal originating from the
itinerant electrons in a metal relies on the following bench-
marks23 in the order of importance i) the value of the measured
spin-susceptibility should match the Pauli spin-susceptibility,
which is related to the DOS, ii) the temperature dependence of
the signal intensity should be characteristically different from
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FIG. 2: ESR spectrum of BDD at 175 K; a) raw, derivative data, b)
integrated ESR signal. A fit (Fit) with three components (A, B, and C)
simulates well the experiment (Exp.). Note the two narrow signals (B
and C), which originate from defects and the broader component (A)
coming from the conduction electrons, which displays a Dysonian
(asymmetric) lineshape.
the Curie, i.e. 1/T , dependence, iii) for a metal with inversion
symmetry, the linewidth should increase with increasing tem-
perature, which is the so-called Elliott-Yafet relaxation mech-
anism,14,15 iv) the g-factor shift, ∆g = g − g0, and the ESR
line-width should obey the so-called Elliott-Yafet relation.14,15
Fig. 1. illustrates the evolution of the ESR spectrum of
BDD from 100 K to 300 K. A narrow line with resonance
field, B0 ≈ 335 mT decreases with increasing temperature,
whereas the intensity of the broader line with B0 ≈ 310 mT
does not change significantly.
In Fig. 2a., we show the ESR spectrum of BDD at 175 K in
more detail. In Fig. 2b., the integrated spectrum is deconvo-
luted into three curves. In the following, we refer to these as A
(gA = 2.16(3)), B (gB = 2.003(1)), and C (gC = 2.003(1)).
The B and C signals are assigned to bulk defects probably ac-
companying hydrogen vacancy complexes.24,25
The A signal dominates the integrated spectrum at 175 K
due to its large linewidth. It is known that broader lines
are suppressed compared to the narrower ones in the ESR
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FIG. 3: a) ESR linewidth of the A and D ESR lines as a function of
temperature. b) Spin-susceptibility as obtained from the ESR signal
intensity (A: N, B: ⊲, C: ◦, and D: ) as a function of temperature.
The result for A is magnified for better visibility.
technique (which uses derivative signals) as the signal am-
plitude drops with 1/ (∆B)2. Thus the integration visually
enhances the broader components.26 The signal A is a strongly
asymmetric Lorentzian (known as Dysonian), with an equal
mixture of dispersion and absorption components. This ESR
line-shape is encountered in metals27 when the itinerant
electrons relax their spin state while diffusing through the
penetration depth.19 The other, impurity-related signals do not
show a pronounced asymmetry except at lower temperatures
(below 35 K) which suggests that the corresponding spins are
concentrated close to the grain surfaces.
Below 75 K, we identify a further ESR signal (signal D)
with a gD = 2.016(1) g-factor.19 Its origin is discussed below.
Deconvolution of the ESR spectra into several components
varies in the different temperature ranges. The D signal can
be followed up to 75 K, however, starting from 75 K the
fit converges to the signal A. At 75 K the two signals can
be fitted independently. Fig. 3a. depicts the ESR linewidth
of both A and D signals as a function of temperature. The
linewidth of A is 10 mT larger than that of D at T = 75 K.
Hence, we find that the A and D signals have different origins.
Below 75 K the A signal cannot be resolved, whose origin is
unexplained. We speculate that this effect is caused by weak-
localization (WL), which may either lead to a sudden line
broadening or a loss of spin-susceptibility. It is known that
WL becomes significant in BDD below around 100-150 K,8
which supports that the change of the ESR signal of itinerant
electrons and WL may be related. The linewidth of the A
signal weakly increases with temperature and it has a sizeable
residual value. These observations are in agreement with the
Elliott-Yafet theory of spin-relaxation. In addition, the ∆g
is positive for BDD, which is compatible with hole nature of
charge carriers in BDD.
In Fig. 3b., the spin-susceptibility of the four ESR signals
are shown. B, C, and D exhibit a Curie (χs ∝ T−1) tempera-
ture dependence which is characteristic for localized, param-
agnetic centers. Their total spin concentration corresponds to
about 2.2 ppm per carbon atom in our sample,19 their presence
is therefore not expected to substantially modify the intrin-
sic properties of BDD similar to the hydrogen vacancy com-
plex.28 The ESR intensity of A increases by a factor two in the
temperature range of 75 K to 300 K. This increase rules out
that this signal would originate from localized spins. Instead,
its most probable origin is the itinerant conduction electrons
in BDD. A similar increase of the CESR signal intensity with
a factor of 2-3 was observed in granular MgB2 samples in the
40-300 K temperature range.29,30 Therein, this effect was ex-
plained by the limited microwave penetration in the metallic
grains: on increasing temperature the microwave penetration
depth increases due to the increasing resistivity thus resulting
in an increasing CESR signal.
Given this slight uncertainty due to the limited microwave
penetration, we regard the room temperature CESR signal in-
tensity and associate it with the Pauli spin-susceptibility of the
itinerant electrons. Calibration of the A signal intensity yields
D(EF) = 4(1) · 10
−3 states/(eV · C-atom) for the density of
states of BDD. This value corresponds to a Pauli susceptibility
χs(Pauli) = g
2
4 µ
2
BD(EF) · NA of 1.3(3) · 10−7 emu/mol =
1.1(3) ·10−8 emu/g (hereNA is the Avogrado number and µB
is the Bohr magneton).
This value is about two orders of magnitude lower spin-
susceptibility as compared to other metallic carbon phases
such as e.g. K3C60 (χs ≈ 10−6 emu/g, Ref. 31) or the KC8
alkali intercalated graphite χs ≈ 6.4 · 10−7 emu/g (Ref. 32)
due to the small carrier density.
As mentioned above, whether the absolute magnitude of the
Pauli spin-susceptibility and the corresponding DOS matches
the theoretical estimates and other experimental results is an
important benchmark to identify a CESR signal. We compare
the DOS determined herein with angle-resolved photoemis-
sion spectroscopy (ARPES) based DOS data and with theo-
retical estimates in Fermi-gas and first principles based mod-
els. The present DOS value and those based on the ARPES
studies are shown in Fig. 4. as a function of Tc. The ARPES
based DOS data is obtained directly from the measured band-
structure. A free-carrier concentration of n = 1.1 ·1021 cm−3
which corresponds to 6400 ppm boron doping10,19 was used
for the Fermi-gas and first principles based DOS calculations,
which gave D(EF) = 2.4 · 10−2 and D(EF) = 4 · 10−2 in
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FIG. 4: Density of electronic states in BDD versus Tc. Experimental
DOS of the present work (◦) is shown together with DOS calculated
from the ARPES measurements in Ref. 12 (). Error bar in our
experiment is a conservative estimate and considers the uncertainty
due to the limited microwave penetration depth.
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FIG. 5: γ∆B/̺ε0ω2pl as a function of ∆g2 (corrected Beuneu-
Monod plot33)for elemental metals16 (•) and BDD (N). The resis-
tivity data for BDD is taken from Ref. 34. Solid and dashed lines
correspond to α = 1 and 10, respectively. We use a plasma fre-
quency of ωpl = 0.8 eV after Ref. 35.
units of states/(eV · C-atom), respectively.19
Clearly, the ARPES based DOS is in good agreement with
the present data, whereas the theoretical estimates signifi-
cantly differ. We note that the effective carrier concentration
in BDD is lowered by the presence of boron dimers,36 which
may explain this difference. The presence of boron dimers
justifies the use of the truly empirical DOS versus Tc compar-
ison.
In the following, we discuss the validity of the Elliott-Yafet
relation, γ∆B = α(∆g)2̺ǫ0ω2pl (̺ is the resistivity, ǫ0 is
the vacuum permittivity, and ωpl is the plasma frequency), in
BDD. The Elliott-Yafet relation combines three independent
empirical parameters, ∆B, ∆g, and ̺, i.e. it is a benchmark
of spin-relaxation experiments in novel metals.1 Beuneu and
Monod16,37 verified its validity for elemental metals and es-
tablished a linear scaling, i.e. the empirical constant being
α ≈ 1..10. In Fig. 5., we show the Beuneu-Monod plot to-
gether with the present results for BDD. Clearly, BDD lies out
of the general trend observed for most metals. We note that an
overestimate of the resistivity may contribute to this effect as
the granularity of BDD samples hinders measurement of the
intrinsic ̺.38
It is known that the linear scaling of the Elliott-Yafet re-
lation occurs mostly for monovalent materials and notable
exceptions are Be and Mg for which the so-called ”hot-
spot” model was invoked to explain the data.39 The hot-spot
model recognizes that spin-relaxation is enhanced for par-
ticular points of the Fermi-surface; given that the spin life-
time is much larger than the momentum life-time, an elec-
tron wanders over large portions of the Fermi-surface before
spin-relaxation occurs, i.e. the hot-spots dominate the spin-
relaxation. This effect is pronounced for metals where the
Fermi surface strongly deviates from a sphere. We speculate
that the deviation observed for BDD from the linear scaling
is also caused by a similar effect but its verification requires
additional theoretical work.
IV. CONCLUSIONS
In summary, we identified the ESR signal of conduction
electrons in boron doped superconducting diamond. The iden-
tification is based on the temperature dependence of the ESR
signal intensity and its absolute magnitude. We find that
the spin-relaxation mechanism in BDD is dominated by the
Elliott-Yafet mechanism. However, we observe an anoma-
lous relationship between the g-factor and the spin-relaxation
time, which calls for further theoretical studies. The observed
spin-relaxation rate is orders of smaller than the conventional
theory predicts, which enhances the application potential of
boron doped diamond for spintronics.
V. ACKNOWLEDGEMENTS
Useful discussions with Andra´s Ja´nossy are acknowl-
edged. Work supported by the ERC Grant Nr. ERC-259374-
Sylo, and by the New Sze´chenyi Plan Nr. T ´AMOP-4.2.2.B-
10/1.2010-0009, and by the Hungarian State Grants (OTKA)
Nr. K81492. The Swiss NSF is acknowledged for support.
5SUPPLEMENTARY MATERIAL
I. SEM AND TRANSPORT MEASUREMENTS
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FIG. S1: Transport measurements indicate superconductivity below
Tc ≈ 3.8 K.
FIG. S2: Scanning Electron Microscope (SEM) image of the sur-
face of the sample, consisting of grains of typically 3 µm size.
Fig. S1. shows transport measurements in our sample. The spectrum exhibits the onset of superconductivity at 3.8 K. Super-
conducting properties of similar nanocrystals of boron doped diamond are analyzed in Ref. 40.
Fig. S2. depicts the SEM image of our material. The average diameter of the grains is 3 µm, which is consistent with the
nucleation density (' 1011 cm−2).
II. RAMAN MEASUREMENTS
In Fig. S3., we show Raman spectra of our sample at two different wavelengths. As a comparison, we plotted the Raman
spectrum from Ref. 41. We identify similar bands in our spectra.
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FIG. S3: Raman spectra of BDD at λ = 514 nm (upper curve) and at λ = 647 nm (middle curve). For comparison, we show Raman spectrum
of an n = 6000 ppm polycrystalline BDD film from Ref. 41. Labels denote the boron dimers (B-B), peaks due to the maxima of the phonon
DOS (PDOS-1, PDOS-2), the mode related to the zone center phonon of diamond (ZCP), and the G band of sp2 carbon (G).
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FIG. S4: Density of states calculated with DFT methods. a) Density
of states of neutral diamond as a function of number of electrons per
unit cell (solid line) within LDA approximation. Density of states
with optimized geometry upon adding extra charges to the system
() b) Zoom on the calculated DOS for neutral diamond. The charge
state for our BDD sample is labeled by arrow at 7.9872.
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FIG. S5: a) The measured derivative ESR spectrum at 35 K. b) The
integrated ESR spectrum (Exp.) and a fit (Fit), and the fitted com-
ponents. B, C and D lines probably originate from carbon dangling
bonds accompanying hydrogen-vacancy complexes. Note that the C
signal is slightly asymmetric because of the finite penetration depth.
At ∼ 500 cm−1 (denoted by B-B in Fig. S3.), the Raman band was assigned to boron dimers36,42,43 and to clustered boron
atoms.43 Note that the low energy of the phonon mode reflects weak force constant between boron atoms. The peak was fitted
with the sum of a Lorentzian and a Gaussian component.42 The empirical relationship
n[cm−3] = 8.44 · 1030 · exp
(
−0.048w[cm−1]
) (1)
was found between the wavenumber of the Lorentzian component (w) and the boron content (n) measured by secondary ion
mass spectrometry (SIMS).42 Using this equation, we obtain n ≈ 1.8 · 1021 cm−3 for the boron content in our sample.
The Raman structure around 1200 cm−1 consists of two lines: a Lorentzian like around 1225 cm−1 and another one with an
asymmetric lineshape around 1285 cm−1.
The zone center optical phonon of diamond, which appears at 1332 cm−1, is shifted to 1285 cm−1 (ZCP) in BDD and acquires
a Fano lineshape due to the presence of free charge carriers.44
The Raman bands around 1000 cm−1 (PDOS-1) and 1225 cm−1 (PDOS-2) appear due to the presence of defects. These make
the otherwise forbidden states, which belong to the maxima of the phonon density of states, allowed.43,45
The Raman band around 1520 cm−1 is assigned to the G band, and is downshifted upon boron doping.18 The occurence of this
Raman band points to the presence of sp2 carbon bonds in the system.46,47
III. DENSITY OF STATES OF BDD
The density of states in the Fermi-gas model only depends on the free carrier concentration (n) through the Fermi wavenumber:
kF = (3π
2n)1/3. The corresponding Fermi energy is EF = ~2k2F/2m∗, where m∗ is the band effective mass. The present carrier
7density corresponds to a Fermi energy of EF = 0.39 eV. The DOS at the Fermi energy reads:
D(EF) =
1
2π2
(
2m∗
~2
)3/2√
EF
1
̺
, (2)
in units of states/eV · C-atom, where ̺ = 1.76 · 1023 C-atom/cm3 is the atomic density of diamond. For the effective mass of
charge carriers, the free electron mass is substituted.11 This gives D(EF) = 2.4 · 10−2 states/eV · C-atom.
In order to calculate the density of states from angle-resolved photoemission spectroscopy (ARPES) measurements,12 the
Fermi surface is regarded. Within the Fermi-gas model, the density of states can be rewritten as
D(EF) =
1
π2
k2F
vF~
1
̺
, (3)
where vF is the Fermi velocity. The given values of vF and kF from Ref. 12 for ’BDD2’ (Tc = 2.5 K) and ’BDD3’ (Tc = 7 K)
samples give D(EF) = 3.9 · 10−3 states/(eV · C-atom) and D(EF) = 7.8 · 10−3 states/(eV · C-atom).
We performed density functional theory calculations (DFT) with the Vienna ab initio Simulation Package (VASP)48 within
the local density approximation (LDA) to calculate the density of states of neutral diamond (see Fig. S4). The projector
augmented-wave method was used with a plane-wave cutoff energy of 750 eV and a k-point set of 30×30×30 Γ-centered
Monkhorst-Pack grid.
A series of geometry optimization and density of states calculation with extra charges added (removed) from the system were
also performed. The results are shown in Fig. S4a. The agreement between the DOS calculated for neutral and charged diamond
firmly supports the validity of the rigid band approximation at low doping levels. The boron content of 6400 ppm yields
D(EF) = 3.6 · 10
−2 states/(eV · C-atom) for the DOS.
IV. ESR MEASUREMENTS AT LOW TEMPERATURE
In Fig. S5a., we show a typical ESR spectrum of BDD at low temperature (35 K). While on the derivative spectrum less
visible, the integrated spectrum in Fig. S5b. shows the presence of the paramagnetic D signal together with the B and C signals.
We showed in the main text that B and C are also present at high temperature. However, the signal D cannot be resolved above
75 K.
In the ESR spectrum of BDD, we identified three different paramagnetic impurities. The intensities of B and C are similar.
Intensity calibration gives their spin concentration to be 0.6 ppm (nimp(C) ≈ nimp(B) ≈ 1017 cm−3). The average distance
of paramagnetic spin-1/2 impurities is about 14 nm. The intensity of D is three times larger, which corresponds to 1.8 ppm
spin concentration (nimp(D) ≈ 3 · 1017 cm−3), and about 10 nm average distance. The spin concentration of the defects is in
good agreement with bulk carbon dangling bond defects accompanying hydrogen-vacancy complexes found both in weakly
boron-doped and as-grown CVD diamond.24,25,28,49
This accordance points to the fact that the quantity of these bulk defects mainly depends on the CH4/H2 ratio used for the growth
of BDD.25 The CH4/H2 ratio controls the grain size50 and modifies the surface-to-bulk ratio. As the hydrogen concentration
is higher on the grain boundaries,51 the defect concentration is expected to have a maximum there. The high concentration of
defects within the penetration depth explains the asymmetry of the C signal at low temperature.
V. ESR INTENSITY CALIBRATION
ESR spectroscopy measures the net amount of magnetic moments, which is proportional to the sample amount. In order to
gain information on the corresponding intensive variable, the spin-susceptibility (χs), the ESR intensity of an unknown material
must be calibrated against a Curie (i. e. non-interacting) spin system with known amount of spins.23
The molar Curie spin-susceptibility reads
χs(Curie) =
g2S(S + 1)µ2B
3kBT
·NA, (4)
8where S denotes the spin state of the non-interacting spins, µB is the Bohr moment, kB is the Boltzmann constant, and NA is
the Avogadro number. As an example, if we consider an S = 1/2 system at 300 K and substitute the corresponding physical
constants in Gaussian units into Eq. (4), we obtain the well-known χs(Curie) = 1.25 · 10−3 emu/mol.
The Pauli spin-susceptibility for itinerant electrons in a metal is
χs(Pauli) =
g2µ2B
4
D(EF) ·NA. (5)
The spin-susceptibilities are related to the ESR intensity as
IESR ∝
∑
m = Bresχs · n, (6)
where n is the amount of the sample and Bres is the magnetic field of the resonance. Therefore, the comparison of the ESR
intensity of an unknown material with itinerant electrons to a known amount of Curie spins yields (forS = 1/2 and gPauli, gCurie ≈
2)
IESR(Pauli)
IESR(Curie)
= kBTD(EF)
n(Pauli)
n(Curie) . (7)
Eq. (7) can be used to determine the DOS at the Fermi energy, D(EF).
VI. THE ESR LINESHAPE
In general, the ESR signal can be expressed as a sum of dispersion (f disp) and absorption (f abs) Lorentzian lines:
P ∝ cosϕ · f abs(B −B0, w) + sinϕ · f
disp(B −B0, w), (8)
where B is the magnetic field, B0 is the resonance magnetic field, and w is the linewidth.
The A line is best fitted with ϕ ≈ 45◦ in the temperature range of 75 K to 300 K. This phase describes the ESR lineshape of
metals in the thick plate case.27
The conditions for the validity of this case are TT ≫ TD and TD ≫ T1, where TT is the time it takes for an electron to
diffusively traverse the sample and TD is the time it takes to diffuse through the skin depth.
TD is defined by δ = vF
√
τTD/d, where δ is the penetration depth, vF is the Fermi velocity, τ is the momentum relaxation time,
and d = 3 is the dimensionality. With the spin-diffusion length of δspin = vF
√
τT1/d, the TD ≫ T1 condition is equivalent to
δ ≫ δspin.
The microwave penetration depth reads δ =
√
2/µ0ωσ, where µ0 is the permeability of the vacuum, ω is the angular frequency
of the exciting microwave, and σ is the conductivity. With room-temperature resistivity data in nanocrystalline diamond
from Ref. 34, the penetration depth is estimated52 to be δ ≈ 31 µm. At low temperature, δ ≈ 33 µm is calculated. From
the ESR linewidth, T1 ≈ 0.2 ns. With the Fermi velocity (vF(BDD2) ≈ 1.1 · 106 m/s) and momentum relaxation time
(τ(BDD2) = 5.1 fs) from Ref. 12, the spin-diffusion length is δspin(BDD2) ≈ 0.6 µm. (Note that the momentum relaxation
time from the Drude model yields a similar value.) These estimated values show that the condition δ ≫ δspin holds.
VII. MEASUREMENT OF THE g-FACTOR
The Zeeman level energy splitting and the microwave excitation energy are related by
~ω = gµBBres, (9)
where ω is the transition angular frequency, and Bres is the resonance magnetic field. Typical values in X-band ESR are
(∼ 9.4 GHz): ω ≈ 5.9 · 1010 rad/s and Bres ≈ 330 mT, for g ≈ 2. This is close to the free electron g-factor (g ≈ 2.0023).
In principle, an independent measurement of the microwave frequency and the resonance magnetic field yields the g-factor for
an unknown material. This is however impractical due to the uncertainty of the magnetic field measurement at the sample. An
alternative, which yields accurate g-factor values is to measure the unknown sample together with a reference sample with a
well-known g-factor value. E. g. Mn2+:MgO (g = 2.0014 Ref. 53) is a usual choice as it does not have lines at g = 2 and the
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FIG. S6: ESR spectrum of a mixture of BDD and Mn2+:MgO powder at room temperature. The closely equidistant sextuplet comes from
the |−1/2〉 → |1/2〉 Zeeman transition of Mn2+. The broader central line is the C signal in BDD. (The modulation amplitude is 50 µT, the
microwave power is 1 mW.)
hyperfine interaction can be accounted for easily until the third order. Using a mixture of the BDD sample and Mn2+:MgO gives
ω(BDD) = ω(Mn2+:MgO), and simplifies Eq. (9) to
g(BDD)
g(Mn2+:MgO)
=
Bres(Mn2+:MgO)
Bres(BDD)
. (10)
The resonance field for BDD and Mn2+:MgO is obtained by simultaneously fitting derivative Lorentzian lines to the measured
spectrum (by taking into account the second order hyperfine interaction of Mn2+.
VIII. CALIBRATION OF THE g-FACTOR AND THE ESR INTENSITY IN BDD
In Fig. S6., we show the ESR spectrum of mixed Mn2+:MgO and BDD powder. The spectrum is a superposition of the
sextuplet of Mn2+:MgO (Bres(Mn2+:MgO) = 336.6 mT) and the C signal of BDD (Bres = 336.3 mT).
Care was taken to employ low modulation (50 µT) and low microwave power (1 mW). Note that this modulation amplitude
is too low for the measurement of broader impurity-related components (B and D) and especially for the CESR signal (A).
Other spectra (shown in the Supplementary Material and in the main text) are therefore measured with higher magnetic field
modulation amplitude (0.5 mT as the highest) in order to increase the signal to noise ratio. Measurements carried out with the
highest modulation amplitude overmodulate the signal C.
As the ESR signal of the standard (Mn2+:MgO) and the A signal cannot be resolved simultaneously, the DOS in BDD is
thus determined indirectly. Once the spin-susceptibility of the C signal is calculated in the mixture of Mn2+:MgO and BDD,
the comparison of the ESR signal intensity of C (fitted with the overmodulated lineshape) and that of A gives the DOS. The
spin-susceptibility of B and D is determined similarly.
The g-factor calibration, described in the previous section is performed using the same indirect method, i.e. first calibrating the
g-factor for the C signal when using low magnetic field modulation amplitude and then using it as a reference to calibrate the
corresponding values for the other signals (A, B, and D).
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